The present investigation pertains to the effect of surfactants on the oscillatory behavior of the catalyzed Belousov-Zhabotinsky (BZ) reaction having pyrogallol as organic substrate in a continuous stirred tank reactor (CSTR) at 30±0.1 ºC. The surfactants used in this study are sodium dodecyl sulphate (SDS) as the anionic surfactant, cetyl trimethylammonium bromide (CTAB) as the cationic surfactant and triton x-100 (TX-100) as the neutral surfactant. The results revealed that the addition of the surfactants above their critical micelle concentration (cmc) influenced the oscillatory parameters with induction period showing a definite variation with the increasing concentration of aforesaid surfactants. It is noteworthy to mention that the ability of micelles to selectively compartmentalize ions and molecules may account for their effects on the induction period, amplitude and time period of the BZ system under investigation.
Introduction
The oscillatory chemical reactions which are highly complex and far from equilibrium dynamic systems, have been the focus of much research in the area of theoretical and experimental chemical kinetics in recent years [1] [2] [3] . These oscillatory chemical reactions have been observed in both homogeneous and heterogeneous systems. The majority of the processes that occur in the biological systems are characterized by very complex mechanisms of oscillatory chemical reactions. In order to get out of the difficulties present in studying the complex dynamics in biological systems, it is possible to use model systems that though exhibit nonlinear phenomena but is still simpler to study. Among the model systems that have attracted the attention of researchers, the BZ reaction is one of the most extensively studied one, paving way to gain insight into the mechanism of various periodic phenomena taking place in naure [4] [5] . This classical bromate-driven BZ reaction involves the bromination and oxidation of the organic substrate and its derivatives by acidic bromate, catalysed by one electron redox couple mostly like Ce 3+ /Ce 4+ , Mn 2+ /Mn 3+ and ferroin/ferrin 6 . The detailed mechanism
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proposed by Field, Koros and Noyes (FKN) have been successful in interpreting essentially all observed behaviours of the BZ reaction and the various bromate oscillators derived from it 6 . Basically, the FKN mechanism contains an inorganic part mainly involving reactions of oxybromine species among themselves and with the metal ion catalyst and an organic part involving reactions of organic substrate and its derivatives with Ce(IV) and oxybromine species. The principal features of the FKN mechanism are strongly supported by modeling computations of Edelson et al., 7, 8 and Field et al. 9 An promising area of recent experimental focus in the nonlinear oscillating chemical reaction is control over its dynamics and this control can be achieved internally by performing reactions in the presence of non-reacting chemical species such as micelles [10] [11] [12] [13] [14] [15] [16] which are known to affect chemical equilibria and reactivity by selectively sequestering the reagent substrates by means of electrostatic and hydrophobic interactions 17, 18 . Investigating the influence of micelle forming surfactants on the BZ oscillatory reactions has received growing attention not only for the attempt to elucidate their complex mechanism 19, 20 but also for their relevance to the periodic phenomena in biochemical systems 21, 22 . In fact, one of the most important properties of micellar solutions is their ability to selectively interact with the species present in the medium depending on their chemical properties and solubilization sites viz., the hydrophilic shell, the palisade layer and the hydrophobic core. In this way the nature of the solubilized species dictate the locus of solubilization and thus hydrophilic species prefer to stay in the hydrophilic shell, amphiphillic molecules stay preferentially with the polar part in contact with micellar surface and the hydrophobic portion is directed towards the core while as the hydrophobic one is much more localized in the core 23 . This way, by studying the behavior of the oscillating BZ systems in presence of micelles, valuable information to elucidate the reaction mechanism and the nonlinear phenomena can be obtained.
Keeping this into consideration and with an aim to obtain insight into the type of interactions involved in the binding of the reactants to the micellar aggregates and the role played by micelles of various surfactant systems by influencing the dynamical behavior of the BZ reaction, we have undertaken the present experimental work in order to study the effect of ionic/polar head group of micelles of various surfactants on the kinetics of Mn 2+ -catalyzed pyrogallol based BZ system through CSTR.
Experimental
All reagents used were either analytical grade chemicals or else of high purity. The reagents used were pyrogallol 99% (SRL, AR), potassium bromate 99.6% (Merck, AR), manganese(II) sulphate monohydrate 98% (B.D.H, LR) and sulphuric acid 98% (Merck, LR). The different surfactants i.e., SDS 99% (Fluka, AR), CTAB 99% (Sigma Aldrich, AR) and TX-100 98% (Himedia, LR) were used as received. The solutions of the desired reagents were prepared in 1.5 mol L -1 sulphuric acid as aqueous acid medium.
Methods
The instrumental set up used to monitor the oscillatory behaviour of the aforesaid BZ system consists of a cylindrical reaction vessel made up of glass kept in a high precision water bath (Advantec TBS 181SB) with a compatible magnetic stirrer (Advantec SRS 311AA) to reach the desired temperature and stirring conditions. A magnetic stir bar (8 mm, Cole Parmer-04765-55) was used to achieve uniform stirring at 600 rpm. The reactants were added to the reaction vessel and the products were lead away from it by using a Model C.P. 78001-02 system were used to deliver the reactants and the two channels were used to remove the four channel peristaltic pump at a specific flow rate of 0.7 mL/min. Two channels in the waste to keep the total volume of reaction mixture in the reaction vessel constant at 20 mL. The oscillations were monitored by a solid state bromide ion selective electrode (ELIT 2014) and a double junction Ag/AgCl reference electrode (ELIT 002N KNO 3 59421), which were directly connected to a four channel ion analyser (ELIT 9804).
The cmc values in these reaction conditions were determined from surface tension (γ) versus log of surfactant concentration. The surface tension measurements were made with the Kruss 9 Tensiometer by the platinum ring detachment method and the temperature was maintained at 30±0.1 ºC by circulating water from a Haake GH thermostat.
Results and Discussion
The organized surfactant assemblies are well known to effect chemical equilibria and reactivity by selectively sequestering the reagent substrates by means of electrostatic and hydrophobic interactions. The chemical oscillating reactions involve ionic reactants and intermediates, which are expected to interact with oppositively charged ionic micelles and leads to a consequent changes in both the reaction kinetics and the characteristic oscillatory properties. Figure 1 shows the potentiometric time series of the pyrogallol based BZ system in presence of varying concentrations of SDS. A sudden initial rise and fall in potential/ or bromide ion concentration (off scale in Figure 1 ) were present in all the oscillatory profiles when the different concentrations of SDS are added to the present BZ reaction mixture. 
This sudden initial rise and fall of potential/ or bromide ion concentration is due to the initial liberation of bromine 24, 25 . The choice of SDS has been mainly dictated by two of its characteristics: i) it does not react with the components of the BZ systems and ii) its capability to change the aggregation form only as a function of its concentration . The lower cmc value can be attributed to the very high value of ionic strength which influences the micellization process. Further, a definite variation of induction period (IP) is observed which depends upon the nature and concentration of various surfactants added. As is evident from the data in Table 1 , for SDS the IP increases, in case of CTAB the IP decreases up to 2 mmol L -1 concentration after which an abrupt increase in IP is observed, whereas in TX-100 a decrease in the IP is observed. The induction period of the main BZ system is 155s
The variation of the IP for the BZ reaction in presence of different micellar aggregates can be explained by taking into account their influence on some key steps of the FKN mechanism. According to this mechanism, the IP is observed due to the accumulation of crucial concentration of the organic brominated species prior to the commencement of oscillations. The formation of the bromosubstrate takes place through two processes as per the FKN model as, BrO 
Surfactants being amphiphilic may interact with different BZ species either through tail or head. The hydrophobic tail in case of CTAB is a 16 carbon chain while as SDS contains only a 12 carbon chain. The TX-100 has a polar head group with a long tail containing ether linkages ending in an aromatic group. Thus the order of hydrophobicity is expected to be CTAB > SDS > TX-100.
There is a selective interaction between the aggregated system and some crucial species as a result of different solubilization sites, namely the hydrophilic shell, the palisade layer and the hydrophobic core provided by micelles. In case of the SDS, the IP first shows an increase with increase in the concentration of the surfactant. The increase in the IP may be due to the repulsive interactions between the negatively charged micellar surface of the SDS and the various negatively charged hydrophilic species (BrO 3 -and Br -) and thus the reaction between BrO 3 -and Br -would preferentially occur in the bulk aqueous phase. Moreover, the replacement of Na + ions on the surface of SDS micelles by H + would decrease the H + ion concentration in the bulk aqueous phase, resulting in an overall decrease in the rate of reaction (1) and consequently the rate of formation of bromosubstrate decreases as is evident from reaction (2). Another reason of increasing the IP may be due to the solubilization of bromine, the most nonpolar species in the BZ system that solubilize in the hydrophobic core of the micelle. The bromine solubilization must result in decrease in the concentration of the bromide ions (i.e., the key inhibiting species in the oscillatory system) in the aqueous phase through the reactions: In presence of cationic CTAB, the rate of reaction (1) is increased due to the localization of negatively charged BrO 3 -and Br -ions in the palisade layer of the micelles, thereby increasing the rate of reaction (1) with a consequent increase in the rate of reaction (2) . This explains the decrease in IP with increasing concentration of surfactant up to 2 mmol L -1 after which an abrupt increase in the IP is observed, which may be both due to the solubilization of bromine and the major involvement of radicals in the BZ mechanism as CTAB with N centre can support such mechanism. Moreover, the polymerization reactions which are driven by BZ systems are well known to involve radical mechanisms 28, 29 . In presence of TX-100 micelles, the IP decreases which may be again due to stabilization of negatively charged BrO 3 -and Br -ions in the palisade layer of the micelles, thereby increasing the rate of reaction (1) . Therefore, the changes in IP with concentration of different surfactant systems can be justified through the electrostatic interaction as well as solubilization tendencies of surfactants towards some important species prevalent in BZ mixture as per the FKN mechanism.
The effect of the different micellar systems on the time period and amplitude was investigated by following the BZ reaction in presence of SDS, CTAB and TX-100 above their cmc as shown in Figure 2 . Tables 2 and 3 show the evolution of time periods and amplitudes in each of these BZ systems respectively. For the main BZ reaction, the time period is found to increase (53-90 s) first and then decrease (90-84 s) except for the last oscillations where the time period remains almost constant. However the amplitude shows a continuous increase (52-74 mV) up to 1995s after which it remains almost constant. In presence of 16 mM SDS, the time period first increases (38 to71 s), showing a decrease between the time intervals of 1480-1995s after which time period again increased (56-71s). There is also initially a pronounced increase in amplitude up to 480s and then shows a decrease up to 1235s after which it remains constant for the last oscillations. In presence of 4 mmol L -1 CTAB, the time period reduces from 88 to 73 s and then increases from 73 to 87 s while as the amplitude shows a continuous increase during the course of the reaction. But the most remarkable change is observed when the CTAB was added after the commencement of oscillations showing an increase in bromide ion concentration from 2.55x10 -4 to 2.10x10 -3 mol L -1 with quenching of oscillatory behaviour for about 570 s after which oscillations with small amplitude were observed as shown in Figure 3 . With 1.6 mmol L -1 TX-100, the time period shows a continuous increase from 52 to 92 s and there was significant increase in the amplitude (101 mV) as compared to the main BZ system (80 mV) except for the last oscillations where it shows a decrease (100-91 mV). (Figure 2) show that it is possible to change the course of the BZ reaction in presence of non -reacting aggregates such as micelles. This is expected, as surfactants with varying charges and micelle environment would have differing effects on the various reactive species, hence altering the kinetics of the multiple nonlinearly coupled steps in the BZ reaction. Further, the binding constants of various BZ species to micelle will depend on the charge/ or nature of the surfactant, nature of the ionic/ neutral species and the ionic strength of the medium. Also, the dissociation rates of micelle into individual monomers would be different, depending on the nature of the surfactant and ionic strength of the medium 30 . Moreover, the compartmentalization of various BZ species in micelle have been shown to markedly affect the oscillatory characteristics of the BZ reaction. Also, the effect of micelles on diffusion coefficient of BZ species and density of the medium would
change the transport properties of various ionic/ neutral species generated during the course of BZ reaction [31] [32] [33] . A more captivating possibility is that micelles of different surfactants are well known to affect the bromide ion regeneration step i.e., process C, in the FKN mechanism.
M(oxd) + Substrate + Bromosubstrate → M(red) + fBr -+ organic oxidation products e.g. HCOOH, CO 2 , etc.,
Edelson and Thomas concluded from their sensitivity analysis of the BZ reaction that the oscillation time period is most sensitive to this step 34 . All these factors would affect the oscillatory characteristics and change the course of the present BZ reaction. Thus, various surfactants would have different effects of varying magnitudes as supported by our findings in Figure 2 . It is therefore concluded that micelles of various surfactants control the oscillatory parameters like induction period, time period and amplitude of the present BZ system and the nature of surfactant head group region, including the charge and presence of N centers along with other hydrodynamic properties play an important role in affecting the concentration of various species and the rates of different steps in a well stirred BZ reaction.
Conclusion
The pyrogallol based BZ system responds in a peculiar way to the addition of increasing concentrations of different surfactants in a CSTR. The values of oscillatory parameters i.e., induction period, amplitude and time period, depend on concentration of the surfactant used. The observed effects are due to the ability of micelles to selectively sequester some key reacting species in a BZ reaction. With increasing concentration of SDS, a continuous increase in IP is observed, in case of CTAB, the IP first decreases and then shows an abrupt increase, whereas in TX-100 there is a continuous decrease in the IP. Moreover, the nature of ionic/polar headgroup and other hydrodynamic processes of the micellar environment control the overall course of the BZ system.
